we construct a network of plausible transmission pathways for the spread of avian influenza among domestic and wild birds. The network structure we obtain is complex and exhibits scale-free (although not necessarily smallworld) properties. Communities within this network are connected with a distribution of links with infinite variance. Hence, the disease transmission model does not exhibit a threshold and so the infection will continue to propagate even with very low transmissibility. Consequentially, eradication with methods applicable to locally homogeneous populations is not possible. Any control measure needs to focus explicitly on the hubs within this network structure.
Complex networks have been observed in a wide variety of physical and social systems [1] . In particular, it has been proposed that such structures may underlie transmission of infectious agents within various communities [2] . Despite a lack of direct experimental evidence supporting this hypothesis, a number of theoretical studies have shown that topological structures typical of complex networks (in particular, scale-free and small-world topologies) lead to transmission dynamics markedly different from that predicted by standard disease transmission models. We examine the global spatiotemporal distribution of avian influenza cases in both wild and domestic birds and find that the network of outbreaks and the links between them form a scale-free network. That is, the connectivity k of outbreaks exhibits a distribution Pk k ÿ =. We find that the exponent of this distribution < 2 and therefore the distribution has neither finite mean or variance. Consequently, in contrast to standard mathematical models of disease transmission [3, 4] , the current avian influenza outbreak does not exhibit a positive threshold: the disease will continue to propagate even with a vanishingly small rate of transmission. Hence, one can only hope to eradicate (or even control) this disease by specifically focussing on transmission at the hubs of this network structure [5, 6] .
Standard mathematical models of geographical transmission of an infectious agent assume that the terrain is locally homogeneous and that the pathogen will diffuse uniformly [7] . A natural consequence of this formulation is that if the transmissibility of the pathogen is lower than some threshold, the disease will terminate. Recent studies of infectious agents (usually either biological pathogens or computer viruses) in certain complex networks have shown that in these networks such a threshold does not exist. In particular, if the connectivity within a network follows a scale-free distribution and the transmissibility of the agent is positive, then an epidemic is inevitable [3, 4] . For the case when recovery from the infected state confers immunity, an epidemic is inevitable only if the population is infinite [3] or if the system is not closed -which, since the life cycle of domestic poultry is relatively short, is the situation for avian influenza. Moreover, one can expect that the infection will persist indefinitely. Whereas, if a disease is spreading according to standard mathematical models with uniform mixing, then it can be eradicated by lowering the rate at which it is transmitted below a predetermined, but nonzero, threshold. However, if a disease is spreading on a scale-free network, then eradication of that disease is only possible if transmission is reduced to precisely zero.
In this Letter we consider the network consisting of individual communities (the network nodes) explicitly connected by possible infection pathways (the links). We then focus only on the communities which have become infected, but study all possible links between them. Our analysis of data from the geographical and temporal distribution of avian influenza outbreaks exhibits a network that is scale-free. That is, the number of links, k 1, has probability distribution Pk k ÿ with > 1. The denominator is Riemann's zeta function and provides the appropriate normalization constant. Note that if 1 < 2 this distribution does not have a finite mean. Even if 2 < 3 the variance of the number of links is infinite and therefore even with very small (but nonzero) rate of transmission, transmission will still persist [3] . When considering disease transmission, we treat the nodes on the network as susceptible individuals or communities, and the links between them are potential transmission pathways. Two nodes are linked if transmission between them is possible. Ideally, we should treat the actual transmission pathways. But that information is not available. We therefore assume that transmission can occur only over a local area (in both time and space). We consider both the unweighted network (where all transmission pathways are considered as ''possible'') and a weighted version (where we consider the plausible pathways and weight according to the number of incoming connections to a node). To address the limitations of our data we also test out method against a short time span late in the outbreak (to eliminate inconsistency between earlier reports of outbreaks) and large outbreaks (to minimize the effect of aggregation of reports). In all cases the results are both qualitatively and quantitatively similar.
To the best of our knowledge, there are no other data that confirm that any disease can be transmitted in this way. However, there is significant evidence that the communities which support various infections do exhibit scale-free structures. Experimental evidence shows that human travel (and therefore human contacts) exhibits scale-free structure [8] and that networks of sexual contacts (number of sexual partners) is also scale-free [9] . Computer simulations have shown that simulation in this manner is viable and suggested potential containment strategies [6] . In this Letter, we focus on transmission of the avian influenza virus in wild and domestic bird populations. There is good reason to suppose that transmission of this virus between bird flocks may follow a scale-free distribution [10] . Nonetheless, it is currently not obvious that the traditional, and alternative, uniform mixing models are inadequate.
The data we use in this study are a compilation of all reported avian cases of avian influenza between 25 November 2003 and 10 March 2007. The data consist of 3346 recorded cases. For each case, the date of the outbreak and the location (longitude and latitude) are recorded. Individual cases may either be wild birds that are found (possibly post mortem) and determined to be infected with a strain of avian influenza or the detection of an avian influenza strain in a domestic flock (most probably then followed by culling of that flock). Data relating to the magnitude of each incident are also recorded. Human cases of avian influenza have also been recorded in the same data set, but for this study, these are ignored. The entire data set is compiled from a variety of sources [11] ; Fig. 1 depicts one snapshot.
The data consist of 3346 triples of the form (t n , n , n ) where t n is the time (in days) since 25 November 2003 of the nth incident. The parameters n and n are the latitude and longitude of that case. Each incident (t n , n , n ) corresponds to a node on the graph of infection links. We construct a directed link from node i (
and
where di; j is the great circle distance between node i and node j in kilometers and is a positive constant (units of km=day) corresponding to the approximate geographical rate of transmission of the virus. Great circle distance is computed from longitude and latitude using standard spherical geometry di; j R arctan 
where j ÿ i and the radius R 6372:795 km. The choice of the criterion (1) and (2) to determine connectivity is, of course, arbitrary. But, it is also natural. If we assume that the geographical rate of transmission of the virus is uniform and equal to , then node i is deemed to be connected to node j if the virus at node i can travel as far as node j before the outbreak is observed to occur at node j (that is, within t j ÿ t i days) and sooner than T max days. We have varied both parameters and T max over a wide range of values (3 < < 50 km=day and 5 < T max < 30 days) and have not found significant qualitative variation in the results. As one would expect, variation of these two parameters simply affects the density [12] within the network, without altering the basic network topology. Nonetheless, for the sake of brevity and concreteness, we choose to adopt specific values for this Letter. We take T max 10 days and 25 km=day. The choice of 25 km=day is motivated by the apparent rate of spread of avian influenza cases in the early stage of the outbreak [13] . The choice of 10 days is only to provide more easily visible results. Larger values only make the network denser; smaller values make it more fragmented.
With these values of T max and we construct a complex network of connectivity of avian influenza cases. The connectivity between individual nodes in that network is shown in Fig. 2 . In Fig. 2(a) the diagonal structure of the matrix indicates connection between temporally adjacent nodes. The clustering in Fig. 2(b) is due to geographical localization. The sample average number of connections from a given node is (a relatively large) 16.8 and because of our criterion for selecting connectivity, nodes are connected only if they are separated by no more than 10 days. Hence, the fact that the data span 1203 days indicates that the shortest path between random nodes can be very large; hence, this is not a small-world network. However, the reason for this may be entirely artificial. The geographical connectivity may well be small-world (as illustrated for humans in [8] and various livestock populations in [14] ), but because we constrain nodes in time, this feature is suppressed. However, the available data make it impossible to resolve this issue.
Nonetheless, the resultant network is scale-free. This is evident from Fig. 3 . Figure 3(a) illustrates that this network is composed of discrete clusters. The two main reasons for this disconnectedness are our initial assumptions concerning connectivity (1) and (2) and the inevitable incompleteness of available data.
In Fig. 3(b) we depict the link distribution and an estimate of the scale exponent. Following [15] we estimate the exponent using a maximum likelihood estimator which avoids statistical bias associated with a linear fit to the log-log plot [16] . By altering T max or we can change , but changing these parameters does not affect our main result: the network is scale-free and has infinite mean and variance. Conversely, increasing this average number of connections or choosing a more complicated metric [rather than Eq. (3)] can increase the connectedness of the final network.
To examine the robustness of our result we also examined the networks obtained only from the most recent data (18 months, since October 2005) and from large outbreaks (more than 50 deaths). These tests resulted in a restriction of our data set to 1942 and 899 nodes, respectively. In both cases similar scale exponents (1:2) and KS-test confidence levels were obtained. Finally, we also considered the construction of a weighted network. Each node was weighted by the reciprocal number of incoming links, and the degree of each node was set to be the sum of these weights. The degree distribution we obtain in this way was also approximately scale-free ( 2:51316), but because of the high degree of clustering in the network the relationship only extended over one decade [17] .
It is worth noting that the distance between outbreaks, with di; j, di; j t i ÿ t j , or jdi; j ÿ t i ÿ t j j as a norm is not scale-free: it is multimodal and decays approximately exponentially. Hence, the scale-free features we observe are not due to the spatial (or temporal) distribution of outbreaks, but rather depend on the large variability in infectious pathways in the complex network topology. We also observe a fairly low scale exponent 1:2. This is lower than the oft-cited ''typical'' range of 2 < 3, but of the same order of magnitude as experimental results for human travel [8] ( 1:6) and similar to the network scaling ( 1:8) reported for email collaborative networks [18] .
In this study, we do not trace the actual infection pathways. Instead, we take the observed data for outbreaks of avian influenza and construct a network that contains part of the underlying transmission paths. We assume that the virus propagates at a constant and relatively modest rate, and related events must be relatively close in time. Certainly, delays in detection and reporting of cases, and long-distances transmission (for example, via migratory birds) would violate these assumptions. Hence the network we construct is inevitably only an approximation, and the inclusion of these additional factors could result in a more connected and more realistic network structure. Nonetheless, to do this would introduce many more parameters and cloud the basic result: the spatial-temporal connectedness [defined by (1) and (2)] is scale-free. This work was supported by a grant from the Health, Welfare, and Food Bureau of the Hong Kong SAR Government. We are indebted to Declan Butler (Nature) for compiling and then providing the data used in this study.
where x i is the number of links associated with the ith node.
[17] We have also used these data to construct a fully connected graph, first by eliminating singleton nodes, and then by connecting discrete clusters (closest first). The resulting graph is still scale-free ( 1:32) and exhibits strong clustering and high assortativity. 
